Background: Cardiac complications after myocardial infarction are believed to be worse in the presence of comorbidities; we tested whether experimentally induced prolonged uremia exacerbated myocardial necrosis in a rabbit preparation of ischemia-reperfusion injury. In addition, we examined if treatment with an angiotensin converting enzyme inhibitor (Enalapril, ENA, 3 mg/Kg, IV) could reduce post-ischemic myocardial damage. Methods: Prolonged uremia was induced by a two-stage subtotal nephrectomy and confirmed by marked increases in serum creatinine and urea levels; after 5 weeks, four groups of rabbits were exposed to 45-min acute coronary occlusion followed by 180-min reperfusion. In treated animals, ENA was administered 5-min before onset of coronary reperfusion. All data from uremic animals were compared with time-matched controls. Results: Cardiac hemodynamics was similar for all groups during the development of kidney failure; heart rate in uremic rabbits was significantly lower for the duration of ischemia-reperfusion. In this animal model, the absence of coronary collateral circulation provides a stable ischemic substrate for evaluation of cellular necrosis. Infarct size (expressed as percent risk zone size) was: control, 48 ± 16; uremia, 36 ± 5; control + ENA, 51 ± 19; and uremia + ENA, 41 ± 16; risk zone size was similar for all animals. Conclusion: The present findings are inconsistent with the view that post-ischemic cardiac injury is greater in animals with pre-existent uremia. In addition, we were unable to show a significant beneficial effect with an angiotensin converting enzyme inhibitor on infarct size in either control or uremic rabbits. It remains to be proven in animal models with comorbidities such as manifest kidney disease that ischemic tolerance can be substantially reduced by either pharmacologic or non-pharmacologic interventions.
Introduction
Myocardial infarction is a leading cause of morbidity and mortality in most industrialized countries. Cardiovascular risk is significantly higher in patients with kidney disease [1] ; impaired renal function in patients with acute myocardial infarction is an important predictor of in-hospital mortality in these patients [2] - [5] being ~2% with normal renal function versus ~30% in patients with end-stage renal disease.
Ischemic tolerance is thought to be diminished in the presence of co-morbidities such as kidney disease; in rodents, larger myocardial infarcts have been reported in most [6] [7] , but not all [8] , studies. In uremic hearts, cardiomyocytes are believed to be constantly close to the brink of ischemia [7] ; however, myocardial protection against ischemia-reperfusion injury still appears possible. Similar findings results were recently reported in uremic rats subject to ischemia-reperfusion injury ex vivo [9] . Extent of infarction after acute ischemia is in part determined by the level of collateral blood flow within the ischemic zone [10] ; considerable species differences have been documented with regard to coronary collateral circulation. The first goal of the present study was to evaluate infarct development in a rabbit model (poor coronary collateral flow) of prolonged uremia.
Coronary occlusion stimulates production of angiotensin II by the cardiac renin-angiotensin system [11] which can cause organ dysfunction [12] [13] . Angiotensin converting enzyme inhibitors (ACEI) blunt ischemic injury in most experimental animal models [14] - [17] but not all findings are positive [18] . In patients with heart failure, angiotensin receptor blockers (ARB) and ACEI reduce all-cause mortality associated with renal disorders [19] [20] ; however, clinical benefit of combined ACEI and ARB treatments is mitigated [21] . The second goal was to examine if treatment with an ACEI (Enalapril) could reduce ischemic injury in uremic rabbits.
Methods
The animals used in these studies were maintained in accordance with the policies and guidelines of the Canadian Council on Animal Care. The protocol was approved by institutional animal care committee at Laval University.
Animals: Pathogen-free, healthy New-Zealand White male rabbits (2 -3 Kg body weight) from Charles River Laboratories were used for these studies. Animals were maintained in single cages under conditions of constant temperature and humidity and kept on a strict 12:12 h dark-light cycle; they had free access to food (comprising 17.7% crude protein, 3.3% fat and 13.7% crude fiber; (Harlan Laboratories Inc., Montreal, QC) and water; animals were not pair fed.
Surgical and experimental procedures: After 1 week acclimatization, rabbits underwent a two-stage surgical subtotal nephrectomy or sham operation; briefly, rabbits were pre-medicated with acepromazine maleate (Atravet, 2 mg/Kg, i.m.) after establishment of a venous access via a butterfly needle catheter on a marginal ear vein animals were anesthetized with sodium pentobarbital (25 mg/Kg, i.v.). Butorphanol (0.22 mg/Kg, i.m.) was administered preoperatively for analgesia and repeated every 12 h for the first 48 h postoperatively. Aseptic techniques were used for surgery; subtotal nephrectomy was performed through a flank incision. Approximately 70 percent of the left kidney was removed by excision of upper and lower poles (excessive blood loss was limited by application of gelatin sponges and light pressure) [22] . The flank incision was closed and 7 days later, the right kidney was removed. Following repair of the flank incision, the uremia phenotype was allowed to develop over a 5-week period; serum creatinine and uric acid levels were measured weekly. The kidney ablation model described herein is considered a low-renin model of the phenotype [23] . Time-matched sham control (CTR) rabbits underwent the same surgical procedure but kidneys were only gently manipulated and left intact.
After 5-weeks, rabbits were subject to ischemia-reperfusion injury as described in previous studies from our laboratory [24] - [26] . For these studies, rabbits were pre-medicated with acepromazine maleate (Atravet, 2 mg/ Kg, i.m.) and anesthetized with sodium pentobarbital (25 mg/Kg, i.v.); additional anesthetic was provided hourly. Via a mid-line cervical incision, the trachea was cannulated and rabbits were mechanically ventilated (MD Industries, Theodore, AL, USA) with oxygen enriched air; ventilation rate was maintained between 28 -30 breaths/min. A catheter (5Fr) was placed in the right jugular vein for administration of drugs and fluids. A cannula (PE-90) was advanced via the carotid artery to the left ventricle and then pulled back into the aortic root to obtain phasic arterial pressures (systolic/diastolic). The heart was exposed by left thoracotomy and a snare (4 -0 silk) was placed around the first anterolateral branch of the left circumflex coronary artery (midway between the atrioventricular groove and apex). The silk suture was passed through a length of Tygon tubing; regional coronary occlusion was induced by clamping the suture (mosquito hemostat). Ischemia was verified visually by ap-pearance of regional epicardial cyanosis and elevation of the ST segment electrocardiogram (lead II). Hearts that developed ventricular fibrillation were successfully cardioverted by gentle flicking of the left ventricle (electrical cardioversion was not used). Lead II electrocardiogram and arterial pressures were recorded continuously throughout the experiments on a 4-channel EasyGraf TM recorder (TA-240 Gould Instruments, Montreal, QC). Body temperature was monitored with a rectal thermometer and maintained within normal limits using external heating pads.
Thirty minutes after completion of the surgical procedures, rabbits underwent a 45-min coronary artery occlusion followed by 180-min reperfusion. Rabbits were allocated (no randomization due to the prerequisite for development of the uremic phenotype) to four experimental groups: 1-CTR given saline (n = 6), 2-uremia (UR) given saline (n = 8), 3-CTR + ENA given Enalapril (Vasotec; 3 mg/Kg, IV, n = 8) and 4-UR + ENA given Enalapril (Vasotec; 3 mg/Kg, IV, n = 8). Drug treatments were initiated 2-min prior to the onset of coronary reperfusion. Prospective exclusion criteria were 1-death prior to completion of the study or 2-risk zone <10 percent of LV area.
Analysis of infarct size and risk zone: At the end of the study, under deep anesthesia, each animal was sacrificed by intravenous injection of saturated potassium chloride (10 mL). Risk zone size was demarcated after re-ligation of the infarct-related artery by intra-atrial injection of Monastral blue dye (5% solution); the heart was then extirpated, placed on a Langendorff perfusion apparatus and perfused with 2,3,5-triphenyltetrazolium chloride (at 75 mmHg and 37˚C). After 20-min the right atria and right ventricle were dissected and discarded, the LV was weighed and fixed by immersion in buffered 10% formalin. Coronary collateral blood flow within the risk region was not assessed since it is minimal in rabbit myocardium [10] . Risk zone, infarct zone and total LV area were measured and calculated as previously described [26] .
Data analyses: All statistical comparisons were done using SAS (SAS Institute, Cary, NC, USA). Heart weight, infarct size, area at risk and infarct area were compared using a Student's t test. Intergroup comparisons for blood biochemistry and cardiac hemodynamics were made using ANOVA for repeated measures. Statistical tests were considered significant if the p value was ≤0.05. Heart rate-blood pressure product was used as an index of myocardial oxygen demand.
Results
Thirty-five rabbits were entered into this study; final statistical analyses were done with data from 30 rabbits; five rabbits died before completing the study but no differences in mortality between sham-operated and uremic animals were detected. Blood urea-nitrogen (30.5 ± 10.2 vs 6.6 ± 1.2 mM/L) and serum creatinine (265 ± 46 vs 114 ± 15 µM/L) levels 5-weeks after subtotal nephrectomy were significantly higher for UR rabbits (compared to CTR) as expected; serum potassium levels (3.1 ± 0.4 vs 3.3 ± 0.2 mM/L) were stable over this period.
Hemodynamic variables are summarized in Table 1 . Baseline (i.e. prior to coronary occlusion) heart rates were similar in all groups; heart rate in UR rabbits was markedly lower during coronary occlusion and progressively decreased during reperfusion. A similar pattern for heart rate was observed in the UR + ENA group. Systolic and diastolic arterial blood pressure was well conserved in uremic rabbits but decreased substantially in CTR animals; this parameter was maintained in both groups administered ENA during reperfusion. Rate-pressure product (determinant of myocardial oxygen demand) showed no significant difference between experimental groups (see Figure 1) . In addition, a significant correlation between infarct size (normalized to risk area) and heart rate-blood pressure product (Figure 2) was not seen.
Heart weight, LV area, risk and infarct zone volume and infarct size for all experimental groups are reported in Table 2 . There was no significant difference in infarct size, expressed as percent of risk zone size between CTR (48% ± 16%) and UR (36% ± 5%) rabbits (see Figure 3(a) ). In animals given Enalapril (see Figure 3(b) ), infarct size was 51% ± 19% vs 41% ± 16% (p = NS) in CTR and UR groups, respectively. Smaller infarcts in UR rabbits were not due to lower oxygen demands in this group.
Discussion
Clinical outcomes in patients with chronic kidney disease that suffer an acute myocardial infarction are dismal [27] [28] . Risk of cardiac disease and its associated complications augment in relation to advancing stages of kidney disease [29] . In the experimental model of kidney injury produced by subtotal nephrectomy followed by acute myocardial ischemia-reperfusion injury used here, we report that infarct size is comparable between matched control and kidney failure rabbits. In addition, we were unable to show significant reduction of ischemic injury in animals treated with Enalapril just prior to the onset of coronary reperfusion. This experimental model shows some similarity, albeit with limitations, to the human cardio-renal syndrome phenotype that is currently the subject of considerable discussion [30] - [32] . The rabbit subtotal nephrectomy renal failure model has been used, though infrequently, in studies on erythropoietin [33] and amino acid [34] metabolism and erectile dysfunction [35] . Earlier studies almost unanimously report that myocardial infarct size is greater in uremic animal models [6] [7] ; exposure to renal failure in those studies was shorter than in the present study. However, Kocsis and coworkers recently reported in rats that myocardial infarct size was not significantly affected by prolonged uremia [9]. Our findings are in agreement with those data since they show a comparable level of infarction between control and uremic rabbits; potential confounding factors such as risk zone size, cardiac hemodynamics and oxygen demand that contributed to infarct development were not different between experimental groups.
Of note in the present study is the significant reduction in heart rate that is accompanied by a slight increase in arterial pressures in uremic animals after the onset of acute ischemia. The physiopathological mechanisms responsible remain unclear but warrant further investigation. In uremic patients, neuropathy of the autonomic nervous system is in conjunction with heart disease, hypertension and anemia modulate baroreceptor responses [36] [37]; however, the nature of these relationships remains unclear. Neuropathy of the autonomic nervous system is also produced by elevated serum uric acid levels. Lower oxygen demand in uremic animals during ischemia and reperfusion might also have contributed to limited extent of injury; however, better perfusion of the ischemic region after reperfusion due to maintained arterial pressures might explain the smaller infarcts.
A key feature of the uremic cardiac phenotype is the presence of LV hypertrophy [38] [39] . In this context, intermyocyte fibrosis and capillary rarefaction are amplified thereby bringing myocytes closer to the brink of ischemia (due to poor oxygen delivery, reduced capillary density and greater oxygen diffusion distance). Histologic evaluations of LV geometry were not done in the present study; interestingly heart weight and total LV cross-sectional area were not significantly changed during the experimental timeline but we would expect these results to change with longer durations of prolonged uremia. Body weight, another indicator of renal insufficiency was not measured in this study; however, we [40] and others [9] [41] have reported little variation between control and uremic animals in different species particularly in the early stages (i.e. <6 weeks) after onset of kidney insufficiency. Coronary collateral blood flow, another major determinant of infarct size was not considered in this experimental model as it was almost non-existent in rabbit myocardium [10] . As such, the different mechanisms through which progressive kidney disease influences myocardial sensitivity to ischemia require further study.
The physiopathology of reno-cardiac syndrome is complex; reduced perfusion of the kidneys stimulates the renin-angiotensin-aldosterone system and induces vasoconstriction which contributes to increased afterload and an overall reduction in cardiac output. Additionally, angiotensin II has been shown to stimulate synthesis of pro-inflammatory cytokines that contribute to cardiac hypertrophy and vessel dysfunction [12] [42] . Angiotensin converting enzyme inhibitors have, for the most part, been shown to significantly mitigate ischemic injury via different pathways in animal studies of acute myocardial ischemia-reperfusion injury [43] - [45] ; however, none have been done in animals with pre-existing kidney disease. In the present study, rabbits were given Enalapril acutely prior to onset of coronary reperfusion; the extent of necrosis was similar for all animals treated with Enalapril. The principal goal of this study was to examine whether infarct size could be modulated in animals with impaired renal function. Byrne et al. [7] recently documented that ischemic conditioning markedly attenuated tissue necrosis in uremic rats; they speculated that uremic animals derived greater advantage by conditioning strategies compared to non-uremic animals. Conditioning mediated protection can be achieved, in part, by modulation of key intracellular signalling cascades [46] - [48] or related pathways. Thus, while intracellular signal transduction may be adversely affected by higher levels of catabolic toxins associated with kidney failure essential rescue pathways that contribute to cytoprotection continue to function.
Certain limitations of these studies should be mentioned. First, subtotal nephrectomy resulted in a sustained increase in serum creatinine and blood urea levels; both are considered biomarkers of renal dysfunction and are commonly used in the clinic. Plasma renin increases transiently in animals with sub-total nephrectomy [41] [49] but was not measured in the present study. The relatively short duration of renal failure in this or similar models is also insufficient to lead to longer term cardiovascular changes in chronic kidney disease in humans due to hypertension, hyperlipidemia, hyperphosphatemia, vascular calcification and diabetes. Body weight changes were not determined; published results for this parameter are variable as discussed earlier. However, development of treatments (pharmacologic or other) for patients with reno-cardiac syndrome ultimately depends on our ability to create appropriate experimental models for testing recognized mechanisms individually. The experimental procedures and evaluation criteria for measurement of infarct size used in this preclinical study follow recent guidelines of the CAESAR (Consortium for preclinical assessment of cardioprotective therapies) sponsored by the NHLBI, with the exception that we did not do a histology assessment of tissue injury within ischemic and non-ischemic myocardium [50] . Finally, Enalapril administered at a single dosage and given prior to coronary reperfusion was evaluated in these experiments (a full pharmacologic profiling or dose-response evaluation to establish optimal dosage for cardioprotection was not performed). Anti-ischemic effects of ACEI have been reported in healthy, animal preparations of cardiac ischemia-reperfusion injury [18] [51] [52] . The inability to limit cardiac injury with Enalapril might be due to the fact that the renin-angiotensin II system in the myocardium was not activated during prolonged uremia; the model used here is essentially a low-renin preparation. However, inability to detect renin in the plasma does not completely exclude its participation in renin-angiotensin pathways [53] .
Improved understanding of bidirectional interactions between the heart and kidney should help in translation of novel experimental treatments to the growing numbers of patients afflicted with cardio-renal syndrome. We report here that post-ischemic myocardial damage is not exacerbated in rabbits with kidney dysfunction. Moreover, treatment with Enalapril did not reduce infarct size in uremic animals. It is not clear whether this is due to an inability to achieve an ischemia threshold in uremic animals but this argument has been used to explain cardioprotection by different organ conditioning stratagems. Further evaluation of pharmacologic and non-pharmacologic interventions in experimental models with comorbidities such as reno-cardiac syndrome is recommended particularly in those with late stages of renal failure. We believe that the prolonged uremia model described herein provides a reliable tool for physiopathological evaluation of reno-cardiac interactions.
